Introduction
============

Myelin basic protein (MBP), a major protein of the myelin sheath, is encoded by the Golli (genes of oligodendrocyte lineage)-MBP gene in myelinating glia and immune cells.[@b1-jir-12-025] Several size isoforms of classic MBP are formed by differential splicing of a single mRNA transcript. The major MBP isoform in the adult human and bovine CNS is 18.5 kDa protein that plays a structural role in maintaining myelin stability. MBP exhibits charge microheterogeneity as a result of post-translational modifications such as phosphorylation, deamidation, deimination, arginine methylation, and N-terminal acylation.[@b2-jir-12-025] The fractions of MBP isomers which are isolated by cation-exchange chromatography on a carboxymethyl cellulose-52 (CM-52) column[@b3-jir-12-025] have been named from C1 to C8. C1 is the least modified and most cationic, whereas C8 is the most modified and the least cationic.[@b4-jir-12-025] Among these modifications, deimination is the most significant that involves the conversion of MBP arginine into citrulline by the enzyme peptidylarginine deiminase. This modification reduces the cationicity of the protein.[@b5-jir-12-025] Citrullinated MBP is structurally less ordered and more susceptible to proteolytic attacks. Thus, the reduction in cationicity of citrullinated MBP impedes the membrane assembly and exposes an immunodominant epitope of the membrane-bound protein to proteases.[@b3-jir-12-025] It's important that the degree of deimination limits MBP's ability to maintain compact myelin and correlates with the severity of multiple sclerosis.[@b6-jir-12-025]

A variety of immune cell types infiltrate into the local microenvironment at the demyelination site during a neuronal injury.[@b7-jir-12-025] After the destruction of the intact myelin sheath, MBP dissociates from the plasma membrane and acts in a free, membrane-unbound manner in the extracellular matrix.[@b1-jir-12-025] MBP is well known to be a nonspecific ligand forming weak contacts with many cellular proteins. This protein changes the shape of platelets,[@b8-jir-12-025] interrupts artificial membrane and acidic lipid vesicles,[@b9-jir-12-025],[@b10-jir-12-025] stimulates proliferation of astrocytes and Schwann cells,[@b10-jir-12-025]--[@b12-jir-12-025] and depolarizes the neuronal membrane.[@b13-jir-12-025] Recent investigation has shown that MBP is a potent and specific ligand for the αMβ2-integrin (Mac 1, CD11b/CD18).[@b14-jir-12-025] This αMβ2-integrin is expressed predominantly in myeloid cells and mediates adhesive reactions of leukocytes during the inflammatory response.[@b15-jir-12-025] It is considered that αMβ2-integrin is involved in a wide range of cellular processes that are associated with cytoskeletal remodeling and with phagocytosis. In this case, signaling to the actin cytoskeleton includes either RhoA or Rac1.[@b16-jir-12-025] MBP through activating these signaling systems play a key role in inflammation and plasticity of macrophages.[@b14-jir-12-025]

Classically activated pro-inflammatory (M1) and alternatively activated anti-inflammatory (M2) macrophages populate the local microenvironment after neuronal injury. It has been shown that poor axonal regeneration associated with decreased arginase-1 (M2 phenotype marker) and increased inducible nitric oxide synthase (iNOS) (M1 phenotype marker),[@b17-jir-12-025] suggesting that the pro-inflammatory M1 phenotype is neurotoxic while the M2 has positive effects on neuro-regeneration and is less toxic. In addition, while the M1 macrophage response is rapidly induced and sustained, M2 induction is transient. A promising strategy for the repair of neuronal injury and remyelination is to increase the fraction of M2 cells and prolong their residence time. Nevertheless, the effect of various forms of MBP on the plasticity of macrophages is not known. Thus, the purpose of this study was to elucidate the effects of various forms of charge isomers of MBP on the polarization of macrophages.

Materials and methods
=====================

Protein isolation and purification
----------------------------------

MBP was isolated and purified from bovine brain white matter according to the method of Chou et al[@b29-jir-12-025] followed by high-performance liquid chromatography (HPLC) analysis. Briefly, the acid-soluble material was dissolved in urea-glycine buffer, pH 9.6, and applied on a CM-52 cellulose (Sigma-Aldrich Co., St Louis, MO, USA) cation-exchange column, equilibrated in the urea-glycine buffer, pH 10.5. The first unbound fraction was the least cationic isomer, MBP C8. The charge isomers C5, C4, C3, C2, and C1 were eluted from the column with a sodium chloride gradient (0--0.3M) in the glycine-urea buffer, pH 10.6. The most cationic and least modified charge isomer was C1. Further purification of C8 and C1 was achieved by HPLC (Agilent 1260 infinity; Agilent, Santa Clara, CA, USA) on a C-18 reverse phase column (Nova Pak, Waters, IL, USA) using trifluoroacetic acid (0.05%)-acetonitrile (0%--60%; Sigma-Aldrich Co.) solvent system.[@b3-jir-12-025] PAGE was used to verify the purity of the isomers. The purified proteins were lyophilized and stored until use at −20°C.

Cell culture
------------

Mouse RAW 264.7 macrophages were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in plastic cell culture flasks (Greiner Bio One, Frickenhausen, Germany), at 37°C under 5% CO~2~/95% air in DMEM (ATCC) supplemented with 10% (v/v) heat-inactivated FBS (Sigma-Aldrich Co.), 100 U/mL penicillin (Thermo Fisher Scientific, Waltham, MA, USA), and 100 µg/mL streptomycin (Thermo Fisher Scientific). RAW 264.7 macrophages were used between 5 and 15 passage.

Macrophage polarization in the presence of MBP charge isomers
-------------------------------------------------------------

RAW 264.7 cells (5--10^5^ cells per well) were incubated for 24 hours in the absence and presence of 0.5 µM MBP C8 or MBP C1 isomers. In other series of experiments, RAW 264.7 cells were treated with cytokines to induce either M1 or M2 cell state with or without 0.5 µM MBP charge isomers. For M1 polarization, cells were treated for 24 hours with and without 0.5 µM MBP charge isomers in the presence of 20 ng/mL of interferon-gamma (IFN-γ) (ab123747; Abcam, Cambridge, UK) and 100 ng/mL of lipopolysaccharide (LPS) (L2880-100MG; Sigma-Aldrich Co.); for M2 polarization, in the presence of 20 ng/mL of IL-4 (ab191628; Abcam) and 10 ng/mL of IL-10 (BMS347; eBioscience, Vienna, Austria). Cell viability was assessed by staining the cells with Trypan blue (\#1450021; Bio-Rad, Hercules, CA, USA) using an automated Cell Counter TC 20™ (Bio-Rad). The cells were then harvested using Cell Scraper (C6106-100EA; Greiner Bio One, Frickenhausen Germany), and the harvested cells were maintained in growth medium and used for further analysis.

Western blot analysis
---------------------

Following incubation, cells were removed from the dishes, washed with PBS, and homogenized in ice-cold lysis buffer containing 100 mM NaCl, 1 mM EDTA, 0.5% Triton X100, 50 mM Tris-HCl, pH 7.4, and protease inhibitors 1 mM PMSF, 5 mg/mL aprotinin, 5 mg/mL pepstatin A, and 5 mg/mL leupeptin. Lysates were incubated at 4°C for 30 minutes followed by centrifugation at 13,000× *g* for 15 minutes. Fifty micrograms of proteins were denatured at 90°C for 5 minutes, separated by SDS-PAGE on 15% gels. After electrophoresis, the proteins were transferred onto a nitrocellulose membrane (UltraCruz™ Nitrocellulose Pure Transfer Membrane; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). After blocking with 5% BSA and 0.05% Tween 20 in Tris-HCl buffered saline, the membranes were incubated with the corresponding primary antibodies (anti-RAGE \[ab172473; Abcam\] and anti-HMGB1 \[sc-26351; Santa-Cruz Biotechnology\]), and immunoreactivity was detected by enhanced chemiluminescence autoradiography (ECL kit, sc-2048; Santa-Cruz Biotechnology). Protein concentrations were determined using a BCA protein assay kit (sc-202389; Santa Cruz Biotechnology).

Inducible nitric oxide synthase and arginase-1 expression assays
----------------------------------------------------------------

To determine M1 or M2 polarization in RAW 264.7 macrophages following treatment with IFN-γ/LPS and IL-4/IL-10, assays to assess increased iNOS expression, indicative of M1 polarization, and increased arginase-1 expression, indicative of M2 polarization, were performed.

To assess iNOS expression, an inducible Nitric Oxide Synthase kit (cat no MBS723353; MyBioSource, San Diego, CA, USA) was used. The analysis was carried out according to the manufacturer's instructions.

For assessment of arginase-1 expression, an arginase-1 expression Sandwich ELISA Kit (cat no LS-F6864; LifeSpan BioSciences, Seattle, WA, USA) was used. The assay was performed according to the manufacturer's instructions.

Rac activation assay
--------------------

To assess Rac activation in cell lysates, G-LISA Rac 1/2/3 Activation Assay Kit (cat no BK125; Cytoskeleton, Denver, CO, USA,) was used according to manufacturer's instructions.

Statistical analysis
--------------------

All data are presented as mean ± SEM. Statistical analysis was performed by one-way ANOVA followed by Scheffe's post hoc comparison test. *P*\<0.05 was considered statistically significant.

Results
=======

MBP was isolated from bovine brain white matter. For the separation of MBP isomers, the acid-soluble material was dissolved in 0.08 M urea-glycine buffer (pH 9.6) containing 6M urea and applied to a CM-52 cellulose cation-exchange column, equilibrated with similar urea-glycine buffer (pH 10.5). Following application of the sample, the passage of the pH 10.5 buffer continued until the first peak was completely eluted. This unbound fraction was the least cationic isomer, ie, citrullinated MBP C8. Other charge isomers were eluted from the column with a sodium chloride gradient (0--0.3M) in the glycine-urea buffer, pH 10.6. The most cationic and least modified charge isomer C1 was the last one to be eluted from the column. For verification of fraction purity, PAGE was used ([Figure 1](#f1-jir-12-025){ref-type="fig"}).

The effects of MBP charge isomers C1 and C8 on the expression of iNOS and arginase-1 in the RAW 264.7 macrophages
-----------------------------------------------------------------------------------------------------------------

Two natural charge isomers of the classic 18.5 kDa MBP (C1 and C8) were used in these experiments. The most modified and least cationic C8 component corresponds to the protein preparation that does not bind to the CM-52 column. To determine the effects of MBP isomers on the polarization of macrophages, RAW 264.7 cells were incubated with most modified and least cationic (C8) and least modified and most cationic (C1) isomers of MBP. After 24 hours of incubation of RAW macrophages with MBP isomers, the arginase-1 and iNOS expressions were determined in cell lysates. We found that in the presence of C1 the expression of arginase-1 significantly increased ([Figure 2A](#f2-jir-12-025){ref-type="fig"}), whereas the expression of iNOS was slightly decreased ([Figure 2B](#f2-jir-12-025){ref-type="fig"}). C8 isomer does not change arginase-1 and iNOS expressions.

To study the effects of MBP isomers on the polarization of macrophages, in the next series of experiments, the isomers were co-incubated with various types of cytokines: IFN-γ/LPS (predominantly M1 phenotype polarization) or IL-4/IL-10 (predominantly M2 phenotype polarization). We have found that C1 decreased the expression of arginase-1 in M1 phenotype as well as in M2 phenotype ([Figure 3](#f3-jir-12-025){ref-type="fig"}). C1 significantly decreased the expression of iNOS in M1 phenotypes, but did not affect the expression of iNOS in M2 macrophages ([Figure 4](#f4-jir-12-025){ref-type="fig"}). MBP C8 isomer did not significantly change the arginase-1 expression in the differentiated macrophages ([Figure 3](#f3-jir-12-025){ref-type="fig"}), but iNOS expression was decreased in M2 phenotype ([Figure 4](#f4-jir-12-025){ref-type="fig"}).

The effects of MBP charge isomers C1 and C8 on the expression of HMGB1 and RAGE in control non-polarized RAW 264.7 macrophages
------------------------------------------------------------------------------------------------------------------------------

High mobility group box 1 is an important inflammatory factor involved in cell differentiation, migration, tumor metastasis, and autoimmune diseases.[@b18-jir-12-025] Myeloid cells secrete HMGB1 once they are activated by the presence of pathogens, by the detection of injured cells, or by cytokines. On the other hand, HMGB1 itself through TLR4-PI3Kγ-Erk1/2 pathway facilitates macrophage reprogramming toward a pro-inflammatory M1-like phenotype.[@b19-jir-12-025] To study the effects of MBP isomers on the synthesis of HMGB1 proteins, we determined the amount of these proteins in cell lysates by Western blotting. We have found that only C8 isomer increases the expression of HMGB1 ([Figure 5A, B](#f5-jir-12-025){ref-type="fig"}). Elevation in the amount of this protein may indicate that the MBP C8 can differentiate macrophages into M1 phenotype.

Receptor for advanced glycation end-products (RAGE) is the major target for the pro-inflammatory activity of HMGB1 in macrophages.[@b20-jir-12-025] This receptor enhances macrophage differentiation into pro-inflammatory M1 phenotype at least partly via NF-kB pathway.[@b21-jir-12-025] Thus, in the next series of experiments, the expression of RAGE in the macrophages was determined after treatment of cells with C8 and C1. Surprisingly, only C1 isomer of MBP increased the expression of RAGE, while C8 isomer had no effect ([Figure 5C, D](#f5-jir-12-025){ref-type="fig"}). According to these data, probably the effect of C8 does not involve alterations in the expression of RAGE and only C1 could act by a RAGE-dependent mechanism.[@b22-jir-12-025]

The effects of MBP charge isomers C1 and C8 on Rac activation in control non-polarized RAW 264.7 macrophages
------------------------------------------------------------------------------------------------------------

There is some evidence that small GTPase Rac controls the polarization of M2 macrophages.[@b23-jir-12-025],[@b24-jir-12-025] Signals transmitted from the extracellular matrix via the α4β1-integrin lead to the activation of Rac which regulates alternative macrophage differentiation into M2 phenotype. To study the role of Rac proteins in the effects of MBP charge isomers, the levels of active Rac were determined in the lysates of RAW 264.7 macrophages. We have found that the content of active Rac was higher in the RAW 264.7 macrophages after treatment of cells with MBP C1 isomer ([Figure 6](#f6-jir-12-025){ref-type="fig"}).

Discussion
==========

The major adult classic 18.5 kDa MBP isoform is positively charged and exists as some charge components due to various post-translational modifications which reduce their net positive charge, including deamidation, Ser/Thr phosphorylation, and deimination of arginine to citrulline.[@b25-jir-12-025],[@b26-jir-12-025] The charge components are named C1 to C8 according to their elution pattern from a cation-exchange column. In this work, we compared the effect of two charge isomers, C1 and C8 of the classic 18.5 kDa MBP, on the expression of phenotype markers of RAW 264.7 macrophages. Component C1 is the most cationic and the least modified, whereas C8 is the least charged and most modified variant. C8 is a major deiminated isomer of MBP that differs from C1 by deimination of 6--11 arginines to citrulline.[@b3-jir-12-025] Deimination disrupts the secondary structure of MBP, as shown by circular dichroism spectroscopy and molecular dynamics simulation.[@b6-jir-12-025] Deiminated MBP is structurally less ordered and more susceptible to proteolytic attack than the native form.[@b27-jir-12-025] Importantly, C8/C1 ratio increases several-fold in individuals with chronic multiple sclerosis, suggesting that deimination of MBP is linked to the demyelinating diseases.[@b6-jir-12-025],[@b26-jir-12-025]

MBP can interact with a variety of intracellular and surface exposed binding partners including MARCKS, KRas, 4B, Src, tubulin, clathrin, calmodulin, actin, etc.[@b1-jir-12-025] Recent investigation has shown that MBP is a potent and specific ligand for the αMβ2-integrin (Mac 1, CD11b/CD18).[@b14-jir-12-025] Mac 1 is expressed predominantly in myeloid cells and mediates adhesive reactions of leukocytes during the inflammatory response.[@b15-jir-12-025] It has been found that the least folded regions of MBP have the highest affinity to this integrin.[@b14-jir-12-025] Since the affinity of the MBP to the Mac 1 depends on the secondary/ tertiary structure of the MBP, we hypothesized that various charge isomers of this protein might act differentially on the macrophage activity.

We have found that minimally modified C1 component of MBP increases the expression of arginase-1, decreases the expression of iNOS, does not change the expression of HMGB1 protein, but significantly elevates the expression of RAGE and increases the activity of Rac1. On the other hand, highly modified deiminated isomer (C8) increases the content of HMGB1 proteins but does not change the expression of arginase-1 or the content of RAGE. These data indicate that C8 and C1 isomers act differently with the corresponding binding partners (presumably with the αMβ2- integrin) of RAW 264.7 macrophages. MBP C8 isomer tends to polarize RAW 264.7 macrophages into M1 phenotypes, whereas C1 isomer of MBP does not have such activity, and vice versa, enhances the expression of M2 phenotype markers. Besides, C1 isomer induces Rac activation which can also be mediated by αMβ2-integrin receptor.[@b23-jir-12-025] This small GTPase controls the differentiation of macrophage M1 to M2 and the metastatic phenotype formation in vivo. Thus, MBP isomers, depending on the intensity of the post-translational modification, in particular from deimination, can participate both in the induction of inflammatory potential of macrophages and in the differentiation of the immunosuppressive phenotype.

Conclusion
==========

A variety of immune cell types infiltrate into the local micro-environment at the demyelination site during a neuronal injury.[@b7-jir-12-025] Active demyelination lesions are characterized by infiltration of MBP-positive macrophages[@b28-jir-12-025] and by the release of MBP in the demyelinating area. After the destruction of the intact myelin sheath, MBP dissociates from the plasma membrane and acts in a free, membrane-unbound manner in the extracellular matrix.[@b1-jir-12-025] We conclude that the prevalence of the highly deiminated phenotype of MBP, like C8 in the microenvironment at the demyelination site, can accelerate the process of myelin destruction, and conversely, an increase in the amount of C1 can favorably act on the processes of repair and remyelination.
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![Chromatography of MBP acid-soluble material on the CM-52 cellulose cation-exchange column and PAGE results.\
**Abbreviations:** CM-52, carboxymethyl cellulose-52; MBP, myelin basic protein.](jir-12-025Fig1){#f1-jir-12-025}

![Changing arginase-1 and iNOS expressions by action of C8 and C1 isomers in RAW 264.7 macrophages.\
**Notes:** (**A**) Arginase-1 expression: RAW 264.7 cells (5--10^5^ cells per well) were treated for 24 hours with MBP C8 and C1 isomers, followed by the determination of arginase-1 expression as described in the "Methods" section. (**B**) iNOS expression: RAW 264.7 cells (5--10^5^ cells per well) were treated for 24 hours with MBP C8 and C1 isomers, followed by the determination of iNOS expression as described in the "Methods" section. Data represented are mean ± SEM of results from four separate experiments performed in duplicate. ^\*^*P*\<0.05 vs corresponding control cells.\
**Abbreviations:** Contr, control; iNOS, inducible nitric oxide synthase; MBP, myelin basic protein; SEM, standard error of mean.](jir-12-025Fig2){#f2-jir-12-025}

![Change of arginase-1 expression by action of C8 and C1 isomers in IL-4/IL-10 and LPS/IFN-γ stimulated macrophages.\
**Notes:** RAW 264.7 cells (5--10^5^ cells per well) were treated for 24 hours with IFN-γ (20 ng/ml) and LPS (100 ng/ml) to induce the M1 phenotype, and with IL-4 (20 ng/ml) and IL-10 (10 ng/ml) to induce the M2 phenotype in the presence of MBP C8 and C1 isomers followed by the determination of arginase-1 expression as described in the "Methods" section. Data represented are mean ± SEM of results from four separate experiments performed in duplicate. ^\*^*P*\<0.05 vs naive cells.\
**Abbreviations:** IFN-γ, interferon-gamma; LPS, lipopolysaccharide; MBP, myelin basic protein; SEM, standard error of mean.](jir-12-025Fig3){#f3-jir-12-025}

![Chang of iNOS expression by action of C8 and C1 isomers in IL-4/IL-10 and LPS/IFN-γ stimulated macrophages.\
**Notes:** RAW 264.7 cells (5--10^5^ cells per well) were treated for 24 hours with IFN-γ (20 ng/ml) and LPS (100 ng/ml) to induce the M1 phenotype, and with IL-4 (20 ng/ ml) and IL-10 (10 ng/ml) to induce the M2 phenotype in the presence of MBP C8 and C1 isomers followed by the determination of iNOS expression as described in the "Methods" section. Data represented are mean ± SEM of results from four separate experiments performed in duplicate. ^\*^*P*\<0.05 vs naive cells.\
**Abbreviations:** IFN-γ, interferon-gamma; iNOS, inducible nitric oxide synthase; lPs, lipopolysaccharide; MBP, myelin basic protein; SEM, standard error of mean.](jir-12-025Fig4){#f4-jir-12-025}

![The effects of C8 and C1 isomers on HMGB1 and Rage expressions in control RAW 264.7 macrophages.\
**Notes: (A)** The expression of HMGB1**:** RAW 264.7 macrophages were incubated with MBP C1 and C8 isomers (0.5 mM) for 24 hours followed by the determination of HMGB1 expression by Western blot analysis, as described in the "Methods" section. β-actin was also determined by Western blotting to confirm equal loading of the fractions. Data shown are representative of three independent experiments. (**B**) Quantification of HMGB1 blots are shown, ^\*^*P*\<0.05 vs corresponding control cells. (**C)** The expression of Rage**:** RAW 264.7 macrophages were incubated with MBP C1 and C8 isomers (0.5 µM) for 24 hours followed by the determination of Rage expression by Western blot analysis, as described in the "Methods" section. β-actin was also determined by Western blotting to confirm equal loading of the fractions. Data shown are representative of three independent experiments. (**D**) Quantification of Rage blots are shown, ^\*^*P*\<0.05 vs corresponding control cells.\
**Abbreviations:** Contr, control; HMGB1, high mobility group box 1; MBP, myelin basic protein; Rage, receptor for advanced glycation end-products.](jir-12-025Fig5){#f5-jir-12-025}

![The effects of C8 and C1 isomers on the Rac-activation signal in control RAW 264.7 macrophages.\
**Notes:** RAW 264.7 macrophages were incubated with MBP C1 and C8 isomers (0.5 µM) for 24 hours followed by the determination of Rac activity as described in the "Methods" section. Data represented are mean ± SEM of results from four separate experiments performed in duplicate.^\*^*P*\<0.05 vs corresponding control cells.\
**Abbreviations:** Contr, control; MBP, myelin basic protein; SEM, standard error of mean.](jir-12-025Fig6){#f6-jir-12-025}
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